Venoms and the toxins they contain represent molecular adaptations that have evolved on numerous occasions throughout the animal kingdom. However, the processes that shape venom protein evolution are poorly understood because of the scarcity of whole genome data available for comparative analyses of venomous species.
Venoms and the toxins they contain represent molecular adaptations that have evolved on numerous occasions throughout the animal kingdom. However, the processes that shape venom protein evolution are poorly understood because of the scarcity of whole genome data available for comparative analyses of venomous species.
Here, we perform a broad comparative toxicogenomic analysis to gain insight into the genomic mechanisms of venom evolution in robber flies (Asilidae). We first sequenced a high-quality draft genome of the hymenopteran hunting robber fly Dasypogon diadema, analyzed its venom by a combined proteotranscriptomic approach, and compared our results to recently described robber fly venoms to assess the general composition and major components of asilid venom. We then applied a comparative genomics approach, based on one additional asilid genome, ten high-quality dipteran genomes, and two lepidopteran outgroup-genomes, to reveal the evolutionary mechanisms and origins of identified venom proteins in robber flies. While homologs were identified for 15 out of 30 predominant venom protein in the nonasilid genomes, the remaining 15 highly expressed venom proteins appear to be unique to robber flies. Our results reveal that the venom of D. diadema likely evolves in a multimodal fashion comprising 1) neofunctionalization after gene duplication, 2) expression-dependent co-option of proteins and 3) asilid lineage-specific orphan genes with enigmatic origin. The role of such orphan genes is currently being disputed in evolutionary genomics, but has not been discussed in the context of toxin evolution. Our results display an unexpected dynamic venom evolution in asilid insects, which contrasts the findings of the only other insect toxicogenomic evolutionary analysis, in parasitoid wasps (Hymenoptera), where toxin evolution is dominated by single gene co-option. These findings underpin the significance of further genomic studies to cover more neglected lineages of venomous taxa and to understand the importance of orphan genes as possible drivers for venom evolution. Venoms and the toxins they contain represent molecular adaptations that have 27 evolved on numerous occasions throughout the animal kingdom. However, the 28 processes that shape venom protein evolution are poorly understood because of the 29 scarcity of whole genome data available for comparative analyses of venomous 30 species. 31
Here, we perform a broad comparative toxicogenomic analysis to gain insight into the 32 genomic mechanisms of venom evolution in robber flies (Asilidae). We first 33 sequenced a high-quality draft genome of the hymenopteran hunting robber fly 34
Dasypogon diadema, analyzed its venom by a combined proteotranscriptomic 35 approach, and compared our results to recently described robber fly venoms to 36 assess the general composition and major components of asilid venom. We then 37 applied a comparative genomics approach, based on one additional asilid genome, 38
ten high-quality dipteran genomes, and two lepidopteran outgroup-genomes, to 39 reveal the evolutionary mechanisms and origins of identified venom proteins in 40 robber flies. 41
While homologs were identified for 15 out of 30 predominant venom protein in the 42 non-asilid genomes, the remaining 15 highly expressed venom proteins appear to be 43 unique to robber flies. Our results reveal that the venom of D. diadema likely evolves 44 in a multimodal fashion comprising 1) neofunctionalization after gene duplication, 2) 45 expression-dependent co-option of proteins and 3) asilid lineage-specific orphan 46 genes with enigmatic origin. The role of such orphan genes is currently being 47 7 While we observed differences between species, there were also a number of 148 families with similar expression levels across the examined species, which we define 149 as major venom components of asilids. (Fig. 3a) . 203
The split between the Diptera and Lepidoptera lineages is the oldest one considered 204 in our analyses. These two clades share 84 % (7,471) of the orthogroups assigned to 205 D. diadema (Fig. 3) are unique for Brachycera, and 110 orthogroups are shared only between the two 210 robber flies (Fig. 3a) . Sixteen orthogroups are constituted of protein-coding genes 211 found exclusively in D. diadema (Fig. 3a) . 212
The venom gland proteins identified via proteomics were sorted to their associated 213 orthogroups. We then tested whether the non-toxic ancestral version of a putative 214 toxin was already present in the protein-coding genome of the LCA of the compared 215 species, or if the protein is a unique novelty for a certain clade. 109 orthogroups, 216 which were already present in the LCA of Lepidoptera and Diptera, are associated 217 with at least one venom protein of the female and male D. diadema. Three 218 orthogroups with venom proteins were unique to each of Diptera and Brachycera, 219 while eight orthogroups with putative toxins were shared only between the two robber 220 fly genomes (Fig. 3a) . The majority of proteins identified in the venom gland can be 221 assigned to protein-coding genes present in the orthogroups shared between the 222 Lepidoptera and the Diptera clade. The transcripts of venom proteins assigned to 223 orthogroups, which arise on node 2, node 3 or node 4 are expressed on a low level in 224 the venom glands of both sexes. Putative toxin transcripts of node 1, node 5 and the 225 ones assigned to no orthogroup are expressed on a high level in the venom glands of 226 both sexes (Fig. 3b, 3c , Supp. 
General aspects on the venom biology and composition 282
Dasypogon diadema is a widely distributed robber fly that is known to hunt honey 283 bees (Apis mellifera) and other hymenopterans (Poulton 1907; Geller-Grimm 1995 all three species are asilidin2 and asilidin3, and all species also express asilidin1 304 transcripts (Fig. 2) . The phylogenetic distance between E. rufibarbis, M. arthriticus 305 (members of the larger subfamily Asilinae) compared to D. diadema (representative 306 of the subfamily Dasypogoninae) [16, 28] suggests that these three protein classes 307 resemble lineage-specific toxin arsenal of robber flies, a conclusion that is 308 corroborated by the study of Walker and colleagues [15] . 309
In the present study the de novo assembly of transcriptome data was performed 310 using a single assembler, Trinity, which is one of the most established programs to 311 assemble transcriptome data sets [29] . Nevertheless, de-novo transcriptome 312 assembly is challenging and different assembly software often construct differing sets 313 of transcripts. It has been shown in snakes and scorpions that the number of 314 assembled toxin transcripts may vary depending on the chosen assembler [30] . 315
Thus, applying only one assembler as a base for our analyses may mean that some 316 of our putative toxins may include false positives, and that we might have missed 317 some toxins that represent false negatives. 318
To avoid false positives and an over-interpretation of our data, we used only 319 transcripts that were recovered in the proteome and then identified in the whole 320 genome as baseline to discuss possible toxins. We also used two additional 321 transcriptome assemblers, RNASpades [31] and Transabyss [32] , and assessed their 322 ability to recover our top 30 predominant toxins identified using Trinity. Except for few 323 candidates, the majority of the top 30 candidate toxins were recovered with identical 324 or highly identical sequence similarity in the additional assemblies. Our conclusion is 325 therefore that the pattern of venom protein evolution we discuss here for the most 326 15 highly expressed, and hence ecologically probably most important, putative toxins is 327 rather robust (All details are shown in the supplementary tables 8 and 9, and all 328 visualized alignments comparing the contigs from different assemblers are provided 329 in the GigaScience data cloud). 330
Determining the false negative frequency would require extensive additional work: 331 specifically, using multiple other de novo assemblers on all the data to see if anything 332 had been missed in the Trinity assembly. In principle, because our toxin evolution 333 findings were attained using analyses on only the top 30 identified toxins, the impact 334 of false negatives on our findings is likely to be limited. However, if any missed (false 335 negative) toxins have to be added to our current top 30 toxins, our conclusions could 336 be affected. Additional details on the processes of venom evolution in robber flies will 337 also be revealed by further genome data and deeper, more detailed proteomic 338 analyses of milked venom from single specimens. show any presence of transposable elements. We can only speculate here that the 386 evolution of single toxins might be influenced by transposable elements, and that this 387 might be an explanation for the diversity of asilin2 variants. However, to provide a 388 profound analysis on the influence of transposable elements on the evolution of 389 venom proteins, the analysis design needs to be adapted and whole genome data 390 and venom protein data of more species needs to be included. 391
392

Conclusion 393
The insects include several venomous lineages and comprise the greatest number of 394 venomous species within the animal kingdom [4] . For many of these, the venom 395 compositions and putative toxins remain unknown [6] . Besides hymenopteran and 396 heteropteran taxa, insects also harbor predatory and venomous asilid dipterans. 397
Despite some differences between studied species, our results suggest that the 398 major components of asilid venom constitute new putative toxins that are likely to be 399 18 restricted to asilids. These include the asilidin1 family, which contains the recently 400 described neurotoxic component U-asilidin1-Mar1a, and has been identified in all four 401 studied asilid venoms, including D. diadema (U-Asilidin1-Dd1a) [12, 15] . BioSample and SRA-entries (See also Supp. Tab. 4). In addition to our own data, all 450 available asiliid transcriptomes were mined in the SRA archive for later genome 451 annotation (Supp. Tab. 4). All transcriptome raw reads were processed in the same 452 way after visual inspection in FastQC [47] . Quality filtering and trimming was then 453 applied in trimmomatic v.033 with a minimum length of 60bp and a min phred score 454 of 30 [48] . All pre-processed datasets were finally assembled using Trinity v. were acquired at 300-1800 m/z over 250 ms, and the 20 most intense ions with a 476 charge of +2 to +5 and an intensity of at least 120 counts/s were selected for MS2. 477
The unit mass precursor ion inclusion window mas ± 0.7 Da, and isotopes within ±2 478
Da were excluded from MS2, which scans were acquired at 80-1400 m/z over 100 479 ms and optimized for high resolution. MiSeq platform. All raw reads were visually inspected in FastQC [47] and then quality 505 filtered and trimmed applying Trimmomatic v.033 with a minimum length of 70 bp and 506 a min phred score of 30 [48] . An overview of sequenced raw reads and processed 507 transcripts are given in Table 2 . 508 Table 2 
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